Abstract Li 2 SiO 3 nanopowders were synthesized via a non-stoichiometric 2:3 (S 1 ), 1:3 (S 2 ), 1:4 (S 3 ) and 1:5 (S 4 ) Li/Si molar ratios via hydrothermal reaction for 72 h at 180°C in an aqua solution using Li 2 CO 3 and H 2 SiO 3 as raw materials. The synthesized materials were characterized by powder X-ray diffraction (PXRD) technique and Fourier transform infrared spectroscopy. PXRD data showed that the crystal structure of the obtained materials is orthorhombic with the space group of Cmc2 1 . Also, to investigate the effect of the Li/Si molar ratio on the morphology of the obtained materials, the morphologies of the synthesized materials were studied by field emission scanning electron microscopy. The technique showed that with changing the Li/Si molar ratio from S 1 to S 4 , the morphology of as-prepared samples changed from flower structures to microrod-microsphere and then to a nonhomogenous layer-like structure. Ultraviolet-visible spectra showed that the nanostructure lithium silicate powders had good light absorption properties in the ultraviolet light region. It showed that with changing the Li/Si molar ratio from S 1 to S 4 , the calculated band gap was decreased. Also, cell parameter refinement showed that with changing the Li/Si molar ratio from S 1 to S 4 the cell parameters decreased. Photoluminescence analysis of the obtained materials was studied at the excitation wavelength of 247 nm. It showed that the emission spectra of the obtained materials had a blue shift from S 1 to S 4 .
Introduction
Lithium silicates are important phases in silicate glass ceramics [1] . They are attracted because of their applications as CO 2 captures [2] [3] [4] [5] [6] [7] [8] , lithium battery cathode materials [9] , fast ion conductors [10] , optical waveguides [11] and tritium breeding materials [12, 13] . Different methods have been reported to synthesize Li 2 SiO 3 nanomaterials including solid state, precipitation, sol-gel, extrusion-spherodisation, rotating/melting, combustion, electrochemical and via hydrothermal. However, most of the time, a mixture of Li 2 SiO 3 , Li 2 Si 2 O 5 , Li 4 SiO 4 and SiO 2 was obtained [9, 11, [14] [15] [16] [17] [18] [19] [20] [21] 23] . Recently, we have reported the synthesis of lithium metasilicate nanomaterials through a hydrothermal method at 180°C in a mixture of LiNO 3 , SiO 2 and NaOH at 2:3 Li/Si molar ratio [24] . Also, in our another work, with using Li 2 CO 3 , H 2 SiO 3 and NaOH raw materials at 1:2 Li/Si molar ratio at 180°C for 48 and 72 h, the main phase was Li 2 Si 2 O 5 [25] . In the present study, a hydrothermal route was explored successfully to synthesize nanostructure Li 2 SiO 3 powders in an aqua solution using Li 2 CO 3 and H 2 SiO 3 as raw materials.
In the present study, a hydrothermal route was explored successfully to synthesize nanostructure Li 2 SiO 3 powders in a mixture of Li 2 CO 3 , H 2 SiO 3 and NaOH at 2:3, 1:3, 1:4 and 1:5 Li/Si molar ratios. To the best of our knowledge, there is no report on the synthesis of nanostructure Li 2 SiO 3 crystallites by these raw materials and Li/Si molar ratios. The effects of Li/Si molar ratio on the final products in phase composition and particle morphology were investigated, and the band gap energy of the as-prepared Li 2 SiO 3 samples was initially estimated from UV-visible spectra. Also, cell parameter refinement and photoluminescence analysis of the obtained materials were studied.
Materials and methods
All chemicals were of analytical grade, obtained from commercial sources, and used without further purification. Phase identifications were performed on a powder X-ray diffractometer D5000 (Siemens AG, Munich, Germany) using CuKa radiation. Also, FT-IR spectra were recorded on a Tensor 27 (Bruker Corporation, Germany). Absorption and photoluminescence spectra were recorded on a Jena Analytik Specord 40 (AnalytikJena UK, Wembley, UK) and a PerkinElmer LF-5 spectrometer (PerkinElmer, Waltham, MA, USA), respectively. The morphology of the obtained materials was examined with a field emission scanning electron microscope (Hitachi FE-SEM model S-4160). Also, cell parameter refinement was reported by celref software version 3.
Experimental
In a typical synthetic experiment, 0.300 g (4.00 m mol) of ) were added to 60 mL of hot aqueous solutions of 0.3 0.8, 1.06 or 1.4 M NaOH under magnetic stirring at 80°C, respectively. The resultant solution was stirred further for 15 min. The resultant solution was transferred into a 100-mL Teflon lined stainless steel autoclave. The autoclave was sealed and heated at 180°C 72 h. When the reaction was completed, it was cooled to room temperature by water immediately. The prepared powder was washed with distilled water and dried at 110°C for 20 min under normal atmospheric conditions. Finally, it was allowed to cool slowly to room temperature to collect a white powder.
Results and discussion

Powder X-ray diffraction analysis
The crystal phases of the hydrothermally synthesized nanomaterials at 180°C with different Li/Si molar ratios were examined by powder X-ray diffraction technique. As shown in Fig. 1 , with the Li/Si molar ratios of 2:3, 1:3, 1:4 and 1:5 in the reaction mixture, a pure highly crystalline phase of Li 2 SiO 3 (space group of Cmc2 1 [10, [21] [22] [23] [24] ) is obtained after 72 h. Interplanar spacing (d) in the crystalline material was calculated via Bragg's equation (nk = 2d hkl sinh). So, compared to nanoparticles of pure lithium silicates, with changing the Li/Si molar ratios from 2:3 to 1:5, the diffraction lines in the powder XRD patterns of the nanoparticles of lithium metasilicate shift to a higher 2h values (D2h = 18.82 (S 4 ) -18.80 (S 1 ) = 0.02°and Dd = 4.714526 Å (S 1 ) -4.70954 Å (S 4 ) = 0.005 Å . So, according to above measurements, there is a contraction in the unit cell with changing the Li/Si molar ratio from 2:3 to 1:5. Also, the crystal sizes were calculated by Scherrer equation at the peak with the miller indices (200) t ¼ kk B 1=2 cos h where t is entire thickness of the crystalline sample, k (0.154 nm) is the X-ray diffraction wavelength, k (0.9, B 1/2 ) is the Scherrer constant and is of the full width at half its maximum (FWHM) intensity, and h B is the half diffraction angle at which the peak location is. The data summarized in Table 1 have a regular edge shape joined in a point until they form a flower structure. Figure 2d shows the high-magnification image of the material. It shows that the petal thickness size is about 50 nm and the length size is about 2 lm. Figure 3 shows the FESEM images of lithium metasilicate nanomaterials (S 2 ) after 72 h at 180°C. With low magnification at Fig. 3a, b , it is clear that with changing the Li/Si molar ratio from 2:3 to 1:3, the morphology of the obtained material changed to another kind of flower-like structure. It shows that the flowers are in straw bundle-like forms to which the petals join in a certain point. With high magnification in Fig. 3c, d , it is obvious that the whole size of the flower is in about 5-7 lm, the petal thickness size is in about 60-70 nm, and the length size is in about 3 lm. Figures 2 and 3 show a general but different type of flower structure morphologies. Figure 4 shows the FESEM images of the obtained materials (S 3 ) after 72 h at 180°C. It shows that with changing the Li/Si molar ratio, the morphology changed from flower-like structure to a mixture of morphologies. Figure 4a shows the low-magnification image of the material. It shows that the material has formed from a mixture of microrod and microsphere structures. Figure 4b , c shows that there are layer-like structures covered on the surface of the sphere particles. It shows that the sphere sizes are nearly homogenous and are about 2 lm. Also, the layer thickness sizes are about 50-70 nm (inset in Fig. 4b ). Figure 4d clearly shows the rod-like structures. The thickness sizes of the rods are about 300-500 nm, and the length sizes are in about 5-8 lm. Figure 5 shows the FESEM images of the obtained materials (S 4 ) after 72 h at 180°C. It shows that with changing the Li/Si molar ratio to 1:5, the morphology changed from a mixture of sphere-and rod-like structure to a nearly layer-like structure with no certain orientation and regular shape. Figure 5c shows that the layers have no regular edge shape and the thickness sizes are about 100-120 nm. According to the data, from Figs. 2, 3, 4 and 5, by changing Li/Si molar ratio from S 1 to S 4 , it was found that the thickness of the flower petals is 50 nm for S 1 , 60-70 nm for S 2 , respectively; thickness of the rods is in about 300-500 nm for S 3 , and the thickness of the layer- like structure is about 100-120 nm. However, the crystal structure of the obtained materials is the same, and all of the obtained materials are pure phase. It shows that with decreasing the Li/Si molar ratio, the morphology of the obtained materials changed to a non-uniform structure and the thickness of the materials decreased. Table 2 shows the cell parameter refinement data of the obtained materials at different Li/Si molar ratios. It is clear that with changing the Li/Si molar ratio from 2:3 to 1:5, parameters a, b and c decreased. However, compared to S 4 , parameter b for S 3 is larger than that for S 4 and parameters a and c are smaller than those for S 4 . Optical properties Figure 6 shows the pL spectra of the obtained materials. It is clear that with changing Li/Si molar ratio from 2:3 to 1:5, the emission spectra shift to higher wavelengths. So the sharpest peaks for S 1 , S 3 and S 4 are at 542, 547 and 549 nm, respectively. Figure 7 shows the Fourier transform infrared (FT-IR) spectra of the obtained materials S 1 and S 3 at 180°C. The band at 416 and 520 cm -1 can be assigned to the bending vibration of the O-Si-O bond, and the band at 733 cm -1 is due to the symmetric stretching of Si-O-Si bond [26] . Besides, the peaks at 852.48 cm -1 are assigned to Si-O-Si and O-Si-O stretching vibration. The band at 931 cm -1 is known to be caused by the non-bridging oxygen stretching mode of the Si-O - [27, 28] . And the band at 1101 cm -1 is known to be caused by the asymmetric stretching mode of the Si-O-Si [29] , and the peak at 3447.49 cm -1 is assigned to O-H stretching vibration [20] . Figure 8 shows the UV-Vis spectra of the obtained materials at different Li/Si molar ratios. It is clear that with changing the Li/Si molar ratio from 2:3 to 1:5, there is a red shift in the absorption wavelength. A sharp absorption band at 275, 277 and 280 nm is observed, respectively, for samples a, b and c. According to the absorption electronic spectra, the band gap of the synthesized nanomaterials is calculated to be 4.50 eV (for S 1 ), 4.47 eV (for S 3 ) and 4.425 eV (for S 4 ).
Conclusion
In summary, lithium metasilicate nanomaterials were successfully synthesized by a simple hydrothermal method.
We found that the Li/Si molar ratio has a major effect on the size, morphology and optical properties of the obtained products. According to the data, FESEM images showed that the morphology of as-prepared samples changed from flower structures to microrod-microsphere and then to a non-homogenous layer-like structure for S 1 to S 4 . Also, ultraviolet-visible spectra showed that the calculated band gaps decreased from S 1 to S 4 . Also, cell parameter refinement showed that with changing the Li/Si molar ratio from S 1 to S 4 , the cell parameters decreased. Photoluminescence analysis of the obtained materials at the excitation wavelength of 247 nm showed that the emission spectra of the obtained materials had a blue shift from S 1 to S 4 . 
